Synaptic mechanisms of plasticity are calcium dependent processes that are affected by dysfunction of mitochondrial calcium buffering. Recently, we observed that mice deficient in mitochondrial voltage-dependent anion channels, the outer component of the mitochondrial permeability transition pore, have impairments in learning and hippocampal synaptic plasticity, suggesting that the mitochondrial permeability transition pore is involved in hippocampal synaptic plasticity. In this study, we examined the effect on synaptic transmission and plasticity of blocking the permeability transition pore with low doses of cyclosporin A and found a deficit in synaptic plasticity and an increase in baseline synaptic transmission. Calcium imaging of pre-synaptic terminals revealed a transient increase in the resting calcium concentration immediately upon incubation with cyclosporin A that correlated with the changes in synaptic transmission and plasticity. The effect of cyclosporin A on pre-synaptic calcium was abolished when mitochondria were depolarized prior to cyclosporin A exposure, and the effects of cyclosporin A and mitochondrial depolarization on pre-synaptic resting calcium were similar, suggesting a mitochondrial locus of action of cyclosporin A. To further characterize the calcium dynamics of the
INTRODUCTION
The mitochondrial permeability transition pore (MPT) is a complex believed to be composed of the voltage-dependent anion channel (VDAC) in the mitochondrial outer membrane, the adenine nucleotide transporter in the inner membrane and cyclophilin-D (Cyp-D) in the matrix, and is found in mitochondria of all eukaryotic cells. Although the majority of research on the function of the MPT and its components has focused on apoptosis (1) (2) (3) , the MPT has recently been shown to play a role in learning and synaptic plasticity in mice (4) as well as in other physiological cellular functions (5) . In both pathological and physiological functions, the induction of the MPT is mediated by mitochondrial calcium influx above a certain threshold, and, once opened, the MPT conducts small substrates and ions out of the mitochondrial matrix (6) . It has been therefore proposed that by guest on September 24, 2016 http://www.jbc.org/ Downloaded from following physiologic calcium influx into the mitochondrial matrix, formation of the MPT might be a physiological mechanism of mitochondrial calcium release (5) .
We are interested in determining the role of mitochondrial calcium regulation in synaptic function. The most extensively characterized synapses in the mammalian CNS are the Schaffer collateral synapses between CA3 pyramidal axons and their post-synaptic targets on the dendrites of CA1 pyramidal neurons.
As mitochondria are typically found in CA3 presynaptic terminals as well as CA1 dendrites, we hypothesized that CA3-CA1 hippocampal long-term potentiation (LTP) and paired-pulse facilitation (PPF) would be sensitive to alterations in mitochondrial calcium regulation by the MPT since both depend on calciumdependent processes within synaptic terminals.
In this study, we examined the effect of blocking the MPT on LTP and PPF using low doses of cyclosporin A (CsA). In addition, we monitored changes in calcium dynamics caused by CsA by imaging pre-synaptic terminals loaded with the fluorescent calcium indicator FURA-2. We found that blocking the MPT caused a transient increase in resting calcium in pre-synaptic terminals, correlating with changes in synaptic transmission and plasticity. The increase caused by CsA was abolished by depolarizing mitochondria with tetraphenylphosphate (TPP   +   ) prior to CsA exposure indicating a common target, i.e., mitochondria. In addition, the characteristics of the effects of TPP + and CsA on resting calcium were similar suggesting the possibility of a common mechanism of action.
To more precisely determine the effect of blocking the MPT on mitochondrial calcium handling we employed an in vitro assay to study calcium handling in isolated brain mitochondria and found that CsA induces earlier and more rapid mitochondrial depolarization and subsequent calcium release, which may explain the transient increase of calcium in presynaptic terminals. Similarly, VDAC1-deficient mitochondria, depolarized and subsequently released their mitochondrial calcium stores more readily than wild-type littermate controls, which may explain their similar electrophysiological deficits (4) . Based on the these results we propose a model to explain how the MPT serves to help prevent mitochondrial calcium overload and subsequent depolarization. Overall, our studies are consisten with an important role for synaptic mitochondria in calcium regulation, and specifically suggest a role for the MPT in neuronal calcium regulation.
METHODS
Hippocampal Slice Physiology. Hippocampal slices (400 µm) were prepared as previously described (7 In these experiments, we observed that there is a range of calcium release rates that varies between mitochondrial preparations and depends partly on the initial calcium bolus, mitochondrial concentration, the background strain of mouse and the degree of mitochondrial depolarization. The traces we show represent the average release rate for one set of experiments, where each set was run at least three times with different mitochondrial preparations.
RESULTS
Approximately half of all CA3 pre-synaptic terminals contain at least one mitochondrion (Ventura and Harris, 1999) and mitochondria are also typically found in dendrites of CA1 pyramidal neurons ( Figure 1 ). We investigated the role of these mitochondria in synaptic transmission and plasticity. Unlike CsA however, sustained mitochondrial depolarization by TPP + eventually causes swelling and alterations in metabolic activity ( Figure 5 ) resulting in loss of synaptic activity ( Figure 2D ). Overall, however, our data indicating that TPP+ application blocks LTP induction in a fashion reminiscent of CsA is consistent with our interpretation that CsA acts at a mitochondrial locus.
We also assessed the effects of MPT inhibition on shorter-term forms of synaptic plasticity, in particular paired pulse facilitation (PPF). We particularly followed PPF because it is generally held to involve pre-synaptic calcium handling. The effect of CsA exposure on PPF, becoming evident appoximately 20 minutes after adding CsA, was a reduction in the 2 nd fEPSP compared to the 1 st fEPSP such that PPF was attenuated ( Figure 3 ). These findings are consistent with our previous observations of the effect of CsA on hippocampal synaptic plasticity (4).
In summary, our electrophysiologic studies indicate that CsA has both an immediate effect to increase synaptic transmission, followed by a delayed attenuation of two forms of synaptic plasticity, PPF and 100 Hz LTP. We hypothesize that the effect of CsA in synaptic terminals is in part due to inhibition of the MPT and subsequent alterations in mitochondrial calcium handling.
Low doses of CsA did not inhibit calcineurin.
One specific concern with the use of CsA to block the MPT is the possibility of inhibition of the protein phosphatase, calcineurin. Typically, the concentrations of CsA used to block calcineurin are at least 10-25-fold greater than used in this study (13, 14) . In addition, several considerations suggest that calcineurin is not inhibited in our studies. Hippocampal slices from mice lacking calcineurin exhibit enhanced PPF (15) , and FK506, another calcineurin inhibitor, does not affect PPF (16) . FK506 also reduces baseline synaptic transmission (16) . None of these effects of calcineurin inhibition are observable in our experiments with low doses of CsA.
Nevertheless, in order to confirm that low doses (10 µM CsA in isolated mitochondria (19) . In addition, our prior studies of hippocampal slices from VDAC-deficient mice showed a similar electrophysiological phenotype to CsA-exposed wild-type slices. Thus it is likely that the effect of CsA on hippocampal electrophysiology results from inhibition of the MPT. Interestingly, ATP levels dropped to the same extent after KCl depolarization in both CsA-exposed slices and controls, and stay constant throughout KCl exposure ( Figure 5A ). Thus, CsA did not affect ATP concentration before or after KCl depolarization, which suggests that changes in synaptic function caused by CsA are not due to altered ATP availability.
Sustained exposure to 100 µM TPP + caused a significant declined in levels of ATP in the hippocampal slice after 40 minutes of incubation ( Figure 5B ). The decline in ATP correlated with the degradation of electrophysiological signals in hippocampal slices continuously exposed to 100 µM TPP + (see Figure 2D ). In contrast, hippocampal slices exposed to 10 µM CsA did not show altered ATP levels and accordingly maintained electrophysiological integrity (Figrue 5B).
Effects of CsA on presynaptic calcium. The effect of CsA on synaptic function suggested a two-phase mechanism, an immediate increase in baseline synaptic transmission followed approximately 20 minutes later by an attenuation in synaptic plasticity (see Figure 2) . We hypothesized that the changes in synaptic function might be due to secondary changes in mitochondrial calcium handling.
In order to determine the effect of CsA on calcium handling, we monitored cytosolic calcium within pre-synaptic terminals exposed to CsA in acute hippocampal slices using an adaptation of our previously published protocol (8) .
Briefly, the calcium indicator FURA-2 was applied to the axons of the Schaffercollateral (SC) pathway and transported to pre-synaptic terminals in CA1. This allowed us to measure relative changes in fluorescence caused by calcium binding to FURA-2 ( Figure 6A ).
Using this approach, we were able to monitor the real-time effects of CsA on presynaptic calcium. Immediately upon exposure to 10 µM CsA, resting presynaptic calcium was rapidly increased, followed by a more gradual return to baseline by 30 minutes ( Figure 6B ). Application of the vehicle, ethanol, had no effect ( Figure 6C) . Thus, the increase in baseline synaptic transmission that we observed in Figure 2B correlates with a transient increase in resting calcium over by guest on September 24, 2016 http://www.jbc.org/ Downloaded from the same time period. Interestingly, the return of resting calcium to baseline levels occurs at about the same time that the PPF deficit began (see Figure 3) .
To confirm the target of CsA on mitochondrial calcium stores, we performed the same experiment using TPP + to depolarize mitochondria. By depolarizing mitochondria, we effectively remove the ability of mitochondria to take up calcium. As expected, exposure to 100 µM TPP + immediately caused mitochondrial depolarization and consequent calcium release ( Figure 6D ) due to loss of the mitochondrial proton gradient. When CsA was added to the TPP + bath 30 minutes later, there was no effect ( Figure 6D ), suggesting that the target of CsA and TPP + are the same, i.e., mitochondrial calcium stores. When the TPP + was washed out for 10 minutes, mitochondria recovered and CsA regained its ability to cause an increase in resting calcium ( Figure 6E ).
CsA did not measurably affect stimulus-evoked calcium transients using the paired-pulse protocol ( Figure 6F ) suggesting that rather than participating in the dynamic handling of calcium during paired-pulse stimulation, the MPT is more involved in regulating resting pre-synaptic calcium concentration. Thus, we can now correlate changes in resting pre-synaptic calcium handling with alterations in synaptic function in hippocampal slices exposed to CsA.
Surprisingly, the effect of TPP + on resting pre-synaptic calcium remarkably resembled the effect of CsA ( Figure 6E ), again suggesting a common mechanism. As TPP + is known to depolarize mitochondria as part of its mechanism of causing calcium release, we used an in vitro assay of calcium handling in isolated mitochondria to determine if CsA might be affecting mitochondrial calcium handling as well. Exposure of mitochondria to CsA prior to a 5-10 µM calcium bolus resulted in an increased rate of calcium influx ( Figure 7B ) and an earlier and more rapid mitochondrial depolarization and subsequent calcium release ( Figure 7C ). CsA Mitochondrial depolarization by CsA is not a direct effect, as with TPP + and CCCP, because CsA added after maximal calcium buffering did not induce mitochondrial depolarization and subsequent calcium release ( Figure 7D ). In order for CsA to depolarize mitochondria, it had to be present before calcium influx. One interesting possibility is that the increased rate of calcium influx caused by CsA triggered an earlier and more rapid mitochondrial depolarization and subsequent calcium release. Mitochondria lacking VDAC1 were also more likely to depolarize and subsequent release their calcium stores. VDAC1-deficient mitochondria may be more vulnerable to calcium overload resulting in more rapid calcium release as observed in in vitro assays of VDAC1-deficient isolated mitochondria.
Calcium buffering in isolated mitochondria is altered by

Role of VDACs in
While previously known mitochondrial calcium-specific transporters and channels have only been observed on the mitochondrial inner membrane, the mechanism of calcium transport across the mitochondrial outer membrane is not known.
VDACs are the only known channels that may be able to conduct calcium into the intermitochondrial space (25) and therefore may play an important function in calcium influx into the mitochondrial matrix. Although calcium flux into the mitochondrial matrix has hitherto been attributed solely to the calcium uniporter of the mitochondrial inner membrane, we think it is interesting that VDAC-1 deficient mitochondria were impaired in mitochondrial calcium uptake in this assay ( Figure 7F ). This finding is consistent with the growing notion that the mitochondrial outer membrane is not simply a molecular sieve, but rather a regulated barrier that is involved in calcium flux into the intermitochondrial space, the source of calcium for the uniporter. Thus, the role of VDACs in calcium flux 
Figure 7
The MPT is involved in mitochondrial calcium handling. A. When exposed to a bolus of free calcium, intact functional mitochondria rapidly absorbed the calcium. Calcium overload eventually caused mitochondrial depolarization and subsequent calcium release. Calcium influx is mediated by the uniporter which could be blocked by RuR and is dependent on an intact mitochondrial proton gradient which could be uncoupled with CCCP (added at the arrow after maximal calcium buffering). B. Blocking the MPT with CsA resulted in a significantly more rapid calcium influx (n=4 each). C. Increased influx by CsA also led to a more rapid mitochondrial depolarization and subsequent calcium release (n=4 each, difference in extramitochondrial calcium at 6 min p=0.0007, rate of efflux (µM/sec): control=0.86±0.04, CsA=1.51±0.06). D. When CsA was added at the point of maximal buffering (added at the arrow), there was no change in calcium uptake or efflux (p<0.001 for all time points < 2 min). E. VDAC1-deficient mitochondria depolarized and subsequently released calcium faster compared to wild-type controls resulting in significantly more extramitochondrial calcium during the efflux phase (n=3 mito preps., 4 samples from each prep., difference in extramitochondrial calcium at 10 min p=0.013, rate of efflux (µM/sec): wildtype=0.45±0.08, mutant=0.80±0.24). F. VDAC1-deficient mitochondria were impaired in their ability to buffer calcium as much as littermate controls (n=3 mito preps, 4 samples from each prep.) 
